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Premise of research. Metrosideros polymorpha is a landscape-dominant tree species endemic to the Hawaiian Islands. Although the group is famous for its ecological amplitude and variation in vegetative characters,
little attention has been paid to variation in its “shaving brush” ﬂowers, which occur in inﬂorescences of diverse
sizes and colors. We aimed to determine whether the ﬂoral variation observed in natural populations is heritable
and how this variation is distributed across environments and varieties of the species.
Methodology. We measured seven ﬂoral traits in 93 adult trees representing three varieties of M. polymorpha in
a common garden on the island of Hawaii and examined variation in these traits across elevations (of the source
population) and varieties.
Pivotal results. Flower length increased with elevation, while ﬂower width decreased with elevation. Nectar cup
diameter and stamen length did not vary across elevations. Variation in ﬂower color decreased with increasing elevation, with only dark red–ﬂowered trees observed from the two highest elevations. Much of the variation observed in ﬂoral traits was partitioned among the three varieties in the garden. Stigma-anther separation (SAS)
was signiﬁcantly lower in var. incana, while long ﬂowers and smaller inﬂorescences characterized var. polymorpha;
var. glaberrima had the least distinct ﬂowers.
Conclusions. We observed a distinct ﬂoral morphology in the high-elevation var. polymorpha consistent
with pollination predominantly by birds. The lower SAS observed in var. incana may be consistent with weaker
selection against self-pollination in low-density populations of this early-successional variety on new lava ﬂows.
These results indicate that, in addition to divergence in vegetative traits associated with adaptation to contrasting
abiotic conditions, varieties of M. polymorpha on the island of Hawaii show heritable differences in ﬂoral
characters that may be associated with biotic factors.
Keywords: ﬂoral traits, generalist pollination system, ornithophily, pollinator-mediated selection, reproductive
biology, self-pollination.
Online enhancements: appendix tables and ﬁgures.

Introduction

largely through repeated adaptive shifts to different pollinators
(Grant 1949; Stebbins 1970; Fenster et al. 2004). Indeed, there
are numerous studies that provide strong support for the view
that pollinator-mediated selection accounts for divergence in
ﬂoral size and form (Miller 1981; Robertson and Wyatt 1990;
Johnson and Steiner 1997; reviewed in Johnson 2006; Herrera
et al. 2006; Kay and Sargent 2009). Plants may be visited by a
single pollinator or functional group of pollinators that exert
strong and consistent selection on ﬂoral traits, resulting in a
tight association between the pollinator group and a given ﬂoral
phenotype (specialized pollination system; Hodges and Arnold
1994; Kay and Schemske 2003; Ramsey et al. 2003; Fenster
et al. 2004). More commonly, plants are visited by multiple
functional groups of pollinators that vary in morphology, behavior, and per-visit efﬁciency (Waser et al. 1996; Galen 1999;
Dilley et al. 2000; Aigner 2005). Shifts in the abundance and

The factors that promote the spectacular diversity in ﬂoral
size and form in angiosperm species have been a topic of interest
among biologists for centuries (Sprengel 1972 [1793]; Darwin
1993 [1859]; Galen 1999). Much of the research on this topic
has focused on understanding the role of pollinators in driving
ﬂoral variation. This is not surprising given that the remarkable
radiation of angiosperms is generally considered to have arisen
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foraging preferences of these different pollinators through space
and time may drive concordant shifts in ﬂoral phenotype for
plants that ﬁt this generalist pollination system (Grant and Grant
1965; Armbruster 1988; Thomson and Wilson 2008).
While pollinators are often the most obvious driver of ﬂoral
variation, other biotic and abiotic factors may also be important. If ﬂoral enemies (e.g., nectar robbers, ﬂower herbivores,
ovule predators) vary across a given species range, there may be
opposing selective pressures related to ﬂoral attractiveness and
defense that maintain differences in ﬂoral size and form (Galen
1999; Gómez 2003; Rey et al. 2006). Additionally, selective
pressures related to moisture availability or soil nutrients may
conﬂict with those related to attractiveness and drive divergence
in ﬂoral size in environments that are resource limited (Worley
et al. 2000; Lambrecht and Dawson 2007). Furthermore, in species that have mixed mating systems, local differences in selective pressures may maintain intraspeciﬁc ﬂoral variation (Summers et al. 2015). For example, in colonizing populations that
have a low density of individuals, ﬂoral characters that promote
self-fertilization may be maintained as a form of reproductive
assurance (Baker 1955; Barrett 2003). In contrast, ﬂoral characters that promote outcrossing can be expected to be maintained
in higher-density populations to limit inbreeding depression
(Charlesworth 2006).
Metrosideros polymorpha Gaud. (‘ōhi‘a or ‘ōhi‘a lehua in
Hawaii) is an evergreen tree in the family Myrtaceae and the
most dominant native plant species in the Hawaiian Islands.
Metrosideros polymorpha is known for its exceptional phenotypic diversity, with individual trees varying substantially in
height, leaf size and shape, and leaf trichome density. The variation observed in the vegetative traits of M. polymorpha is heritable (Corn and Hiesey 1973; Stemmermann 1983; Kitayama
et al. 1997; Cordell et al. 1998; Stacy et al. 2016) and appears
to be associated with differential adaptation to heterogeneous
environments that characterize Hawaii’s landscape (Morrison
and Stacy 2014; Tsujii et al. 2016; Sur et al. 2018; Ekar et al.
2019). The species occupies habitats that vary remarkably in elevation (sea level to ~2500 m asl), rainfall (!400 to 10,000 mm
year21), temperature (107–247C), and substrate age (~10 yr old
[Clarkson 1997] to 14 million years old). Three varieties of
M. polymorpha are common on the island of Hawaii (0–0.6 million years old), which is the youngest island in the Hawaiian
archipelago. New lava ﬂows and dry sites at low to middle elevations are dominated by M. polymorpha var. incana St. John,
which is characterized by ovate to suborbicular leaves with appressed pubescence on the lower leaf surface. Late-successional
wet forests across a broad range of elevations are dominated
by M. polymorpha var. glaberrima St. John, which has large
ovate or obovate to elliptic glabrous leaves. At the upper edge of
the species’ elevational range, M. polymorpha var. polymorpha
forms near-monotypic stands and is characterized by a more
compact growth and small ovate to suborbicular leaves with
dense pubescence on the lower leaf surface (Corn and Hiesey
1973; Stemmermann 1983; Dawson and Stemmermann 1990).
Trees with glabrous leaves that otherwise appear phenotypically
identical to M. polymorpha var. polymorpha make up a minor
component of high-elevation stands. These trees were originally
described by Skottsberg (1944) as a unique taxon, M. polymorpha var. nuda, but are included within M. polymorpha var.
glaberrima by Dawson and Stemmermann (1990).

While many studies have focused on understanding the processes that drive vegetative differences within M. polymorpha
(Cordell et al. 1998; Morrison and Stacy 2014; Tsujii et al.
2016; Izuno et al. 2017; Ekar et al. 2019), little attention has
been paid to variation in reproductive traits. The “shaving brush”
inﬂorescences of M. polymorpha are typically red but can also
be variations of orange, yellow, and pink. The compound cymose inﬂorescences are axillary and are borne on terminal
branches. Each inﬂorescence comprises a number of hermaphroditic ﬂowers, with rudimentary petals and numerous stamens
surrounding a nectary cup and a single style with an inconspicuous stigma (Dawson and Stemmermann 1990; see ﬁg. 1). Along
with variation in ﬂower color and the number of ﬂowers per inﬂorescence, differences in stamen length, style length, stigmaanther separation (SAS), nectar cup diameter, and nectar concentration have all been reported from ﬁeld populations (Carpenter
1976; Corn 1979). Metrosideros polymorpha possesses many
ﬂoral characters that suggest adaptation to bird pollination, including high nectar production (Heinrich and Raven 1972),

Fig. 1 Photograph showing the anatomy of a Metrosideros polymorpha ﬂower. Numbers indicate ﬂoral measurements taken, as follows:
nectar cup diameter (1), style length (2), longest stamen length (3), and
shortest stamen length (4). For each ﬂower, the shortest and longest stamen lengths were averaged to obtain the mean stamen length, which was
subtracted from style length to calculate stigma-anther separation.
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low sugar concentration in newly secreted nectar (Baker 1977),
and predominantly red ﬂower color (Grant and Grant 1966).
However, the positioning of the reproductive organs also allows
for autogamous self-pollination (Carpenter 1976), and the open
ﬂoral design permits a range of visitors, such as native and introduced birds, bees, wasps, ﬂies, moths, and ants (Corn 1979;
Koch and Sahli 2013).
Field observations of variation in M. polymorpha ﬂowers on
the island of Hawaii are consistent with shifts in the pollinator
community across both elevation and successional gradients.
Carpenter (1976) examined pollinator interactions with M.
polymorpha at 10 sites along an elevation gradient (1200–
1850 m) on the southeast of the island of Hawaii and reported
several observations consistent with an increased importance of
bird pollinators with increasing elevation: (1) increased nectar cup
size and style length with increasing elevation, (2) an absence of
nonred-ﬂowered trees at high elevations, and (3) low nectar production at low elevations. Hart et al. (2011) examined M. polymorpha ﬂoral resource availability and the abundance of four
nectivorous birds across an 1800-m elevation gradient on east
Hawaii Island and found that both the monthly density of ﬂowers per hectare and the caloric density of nectar were highest at
low elevations. This study also found a loose relationship among
bird abundance, ﬂoral density, and elevation.
The nonnative warbling white-eye (Zosterops japonicus) and
the native ‘amakihi (Hemignathus virens virens) tracked ﬂoral
resources at low elevations, the native ‘apapane (Himatione
sanguinea) and the warbling white-eye used ﬂoral resources at
middle and high elevations, and the native i‘iwi (Vestiaria coccinea) and ‘apapane tracked ﬂoral resources at high elevations
(Hart et al. 2011). Last, Koch and Sahli (2013) examined ﬂoral visitation of nine native plant species at two midelevation
(1779–1813 m) and two high-elevation (2402–2469 m) sites
on east Hawaii Island and found that although native Hylaeus
bees were the most abundant ﬂoral foragers on all plants, M.
polymorpha also received visits from birds. Although Koch and
Sahli (2013) observed birds visiting M. polymorpha only at
the midelevation sites, native birds do move between the ﬂowers of different trees within the highest-elevation population of
M. polymorpha, even under windy conditions (E. Stacy, personal observation). Koch and Sahli (2013) also reported a higher
rate of bird and Hylaeus bee visits, as well as a higher diversity of
bird pollinators, at late-succession relative to early-succession
sites.
While the heritability of vegetative traits in M. polymorpha is
well established, it remains unknown whether ﬂoral trait varia-
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tion has a genetic basis or whether it occurs as a response to environmental conditions (i.e., phenotypic plasticity). In the present study, we measured ﬂoral characters of 93 individuals of M.
polymorpha in an established common garden on the island of
Hawaii with the following aims: (1) to look for evidence of heritable variation in ﬂoral traits and (2) to examine how this ﬂoral
variation is distributed across elevations, across maternal tree
types (pubescent vs. glabrous), and among the three varieties
of M. polymorpha that are represented in the garden.

Material and Methods
Study Site
To examine the heritability of ﬂoral character variation within
Metrosideros polymorpha, we used a common garden established in 1991–1992 at the Hawaii Volcano Experimental Station located on the east side of the island of Hawaii at 1190 m
asl (ﬁg. A1; ﬁgs. A1–A3 are available online). Common-garden
trees were derived from open-pollinated seeds collected from
both pubescent and glabrous maternal trees (where available)
from each of 10 sites across Mauna Loa Volcano on the island
of Hawaii. Seed collection sites spanned an elevation gradient
of 2362 m and were located on young (114–140 yr old) and
old (2000–3200 yr old) substrates (Cordell et al. 1998; table 1;
ﬁg. A1). Common-garden trees derived from seeds from pubescent and glabrous maternal trees are hereafter referred to as Pand G-derived trees, respectively. Sampled populations included
all three common varieties on the island of Hawaii: glabrous
(M. polymorpha var. glaberrima) and pubescent (M. polymorpha
var. incana and M. polymorpha var. polymorpha) as well as
purported intervarietal hybrids. All sampled trees in the garden
were assigned to a variety on the basis of leaf traits, following
Dawson and Stemmermann (1990), with the exception of midelevation (1280 m) P-derived trees, which appeared to be less
extreme versions of high-elevation M. polymorpha var. polymorpha (see “Data Analysis”). Trees with hybrid leaf phenotypes (removable pubescence) were observed infrequently at all
four elevations from which both pubescent and glabrous maternal trees were originally sampled (i.e., all except for at 1980 m;
n p 13 total). An additional four trees were P derived but had
glabrous leaves. Because glabrous offspring derived from pubescent maternal trees are consistent with recent hybridization with
M. polymorpha var. glaberrima pollen donors (see Stacy et al.
2016), these four trees were also treated as hybrids.

Table 1
Vegetation Types and Environmental Characteristics Present at Five Field Sites on Mauna Loa Volcano, East Hawaii Island
Vegetation type
Lowland rain forest
Submontane rain forest
Montane rain forest
Upper montane woodland
Subalpine scrub

Elevation (m)

Mean annual temperature (7C)

Mean annual precipitation (mm)

107
701
1280
1981
2469

23.0
19.3
15.5
12.0
10.0

3600
5676
4272
2000
1500

Substrate age (yr)
114,
140,
140,
140,
140,

~2000
~3200
~2500
~2500
~2500

Note. Seeds were collected from Metrosideros polymorpha at each site and planted at the Hawaii Volcano Experimental Station in 1991–1992
(see Cordell et al. 1998).
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Table 2
Summary Statistics of Floral Traits from 93 Metrosideros
polymorpha Individuals Measured in a Common Garden
on Hawaii Island and Loadings of These Traits onto the
First Two Principal Components (PCs) from a PC Analysis
Summary statistic
Floral trait

Mean Minimum Maximum

No. ﬂowers per
inﬂorescence
21.66
No. stamens per
ﬂower
32.89
Short stamen length
1.66
Style length
2.71
Nectar cup diameter
.46
Variance explained
(%)
...
Note.

Loading
PC1

PC2

7.33

64.33

2.138

.390

25.0
.86
1.71
.28

47.5
2.71
3.92
.62

.032
.604
.614
.488

.779
2.158
2.148
.441

...

...

43.2

with maternal tree–type effects and were ignored. We then contrasted ﬂoral traits among varieties. All statistical analyses were
conducted using R (R Core Team 2018). Before analysis, all ﬂoral traits were examined for departures from normality using the
Anderson-Darling test (package nortest ver. 1.0-4; Gross and
Ligges 2015). The mean number of ﬂowers per inﬂorescence,
mean number of stamens per ﬂower, and style length were each
Johnson transformed using the package jtrans version 0.2.1 (Wang

27.5

Units for all morphometric measures are centimeters.

Floral Trait Measurements
Floral trait measurements were taken at the common garden
between September 2006 and July 2011. Trees were selected for
the study as their ﬂowers became available, and an effort was
made to spread the sampling evenly across the nine available elevation–by–maternal leaf type combinations present (table A1;
tables A1–A11 are available online), with the caveat that the
population size varies across combinations. For each of the
93 ﬂowering trees, we haphazardly selected three to eight mature inﬂorescences throughout the crown (rarely, one or two
when ﬂowering was limited; mean p 3.34). For each inﬂorescence, ﬂower color was recorded, and the number of ﬂowers
was counted. A single mature ﬂower was haphazardly selected
from each inﬂorescence for the following measurements: the
number of stamens per ﬂower, style length, shortest stamen
length (“short stamen”), longest stamen length (“long stamen”),
and nectar cup diameter (ﬁg. 1). Measurements were recorded
to the nearest 0.01 cm using a dial caliper. Values were averaged
across inﬂorescences or ﬂowers within individuals, as appropriate. For each ﬂower, the short and long stamen lengths were averaged to obtain mean stamen length, which was subtracted
from style length to calculate SAS. Trees were also scored for
leaf pubescence following Stacy et al. (2016); brieﬂy, 0 indicates
glabrous leaves, 2 indicates permanent abaxial pubescence,
and 1–1.5 indicates pubescence removable by rubbing. The
latter categories are characteristic of intervarietal (pubescentglabrous) hybrid trees on east Hawaii Island that have intermediate vegetative morphology and reduced fertility relative to
adults with pure-variety leaf traits (Stacy et al. 2017).

Data Analysis
The common garden was established to contrast phenotypes
across two maternal tree types (pubescent and glabrous), ﬁve
elevations, and two substrate ages. We examined variation in
ﬂoral morphology across maternal tree types and elevations,
but because of the nonrandom distribution of glabrous and pubescent maternal trees across young and old substrates (Stemmermann 1983), substrate-age effects were largely confounded

Fig. 2 Results of a principal components analysis (PCA) conducted
on the full data set (all 93 trees, representing three common varieties of
Metrosideros polymorpha on Hawaii Island) and ﬁve uncorrelated ﬂoral
traits. The PCA revealed two signiﬁcant axes (eigenvalues of 11) that
explained 71.0% of the total variation. PC1 was deﬁned largely by ﬂower
length, while PC2 was deﬁned by ﬂower width. Arrows represent the direction and strength of the relationship between the variety and each ﬂoral
trait (A), while ellipses represent the 95% conﬁdence interval (B). P p var.
polymorpha; G p var. glaberrima; I p var. incana.
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Table 3
Summary Statistics of Floral Traits from 55 Metrosideros polymorpha
Individuals Derived from Pubescent Maternal Trees and
Loadings of These Traits onto the First Two Principal
Components (PCs) from a PC Analysis
Summary statistic
Floral trait

Mean Minimum Maximum

No. ﬂowers per
inﬂorescence
18.97
No. stamens per
ﬂower
31.88
Short stamen length
1.70
Style length
2.72
Nectar cup diameter
.46
Variance explained
(%)
...
Note.

tive hybrids. The relationship between tree variety and ﬂoral
traits was examined by ﬁtting traits onto the ordination space
using the vegan package version 2.5-5 (Oksanen et al. 2019).
This multivariate correlation analysis partitions the linear component of each predictor on the ﬁnal PCA axes.

Loading
PC1

000

Results

PC2

PCA
7.33

64.33

2.264

.475

25.0
.93
1.98
.34

40.0
2.71
3.92
.60

2.276
.594
.618
.344

.644
.129
.041
.585

...

...

44.9

29.0

Units for all morphometric measures are centimeters.

2015) to correct for unequal variances across levels, as determined
using Levene’s test (package car ver. 3.0-6; Fox and Weisberg 2019).
Principal components analysis (PCA) was conducted using
the stats package version 3.5.0 (R Core Team 2018) on ﬁve of
the six morphological characters measured directly (i.e., SAS
was excluded, as it is calculated using indirect measures): ﬂower
number, stamen number, style length, short stamen length, and
nectar cup diameter. Long stamen length was excluded, as it was
highly correlated with both short stamen length and style length
(r > 0:85). PCA was done four ways: for all 93 trees, for the
55 P-derived trees, for the 38 G-derived trees, and for the full
set of trees with the 17 apparent hybrids removed (n p 76).
Two-way ANOVAs were conducted using the stats package
to examine the relationship between ﬂoral traits (PC1 and PC2
scores and individual traits) and each of the elevation and maternal leaf types (both treated as ﬁxed variables) and their interaction. Trees from 1980 m were excluded because of the lack of
G-derived trees from that elevation (no interaction test possible).
When elevation or the interaction between elevation and maternal tree type was signiﬁcant for a given trait, Tukey’s honestly significant difference (HSD) tests involving all ﬁve elevations were done.
To explore relationships among ﬂoral traits further, Pearson
correlation tests were done using the stats package on all possible pairwise combinations of ﬂoral traits globally (all 93 trees
pooled), including PC1 and PC2 scores and SAS, controlling
for multiple comparisons following Benjamini and Hochberg
(1995). To examine variation in patterns of associations between variables, follow-on pairwise correlations were calculated
without corresponding signiﬁcance tests for each elevation individually and for P- and G-derived trees separately.
To examine the partitioning of ﬂoral trait variation among
varieties deﬁned a priori using vegetative characters, we conducted one-way ANOVAs of PC1 and PC2 scores (from the
PCA on 76 trees that excluded the 17 apparent hybrids, i.e.,
13 trees with pubescent scores of 1 or 1.5 and four glabrous
trees with pubescent maternal parents) and individual traits using the stats package. If variety was found to be a signiﬁcant predictor in any of the analyses, post hoc tests (pairwise Tukey
contrasts) were conducted in the stats package. Second, a linear
discriminant analysis was done using the MASS package version 7.3-49 (Venables and Ripley 2002), excluding the 17 puta-

The PCA conducted on the full data set (all 93 trees) and ﬁve
ﬂoral traits revealed two signiﬁcant axes (eigenvalues of 11) of
variation that explained 71.0% of the total variation. PC1 was
deﬁned largely by ﬂower length (style length and short stamen
length) and accounted for 43.7% of the variation (table 2;
ﬁg. 2A). PC2 was predominantly deﬁned by the number of stamens per ﬂower, accounting for 27.3% of the total variation (table 2; ﬁg. 2A). Nectar cup diameter was roughly evenly weighted
on PC1 and PC2 (table 2; ﬁg. 2A).
The PCA for just P-derived trees yielded two signiﬁcant axes,
with PC1 deﬁned primarily by ﬂower length (44.9% of the variation) and PC2 deﬁned largely by ﬂower width (stamen number
per ﬂower and nectar cup diameter; 29.0% of the variation; table 3). The PCA for G-derived trees also yielded two signiﬁcant
axes, with PC1 deﬁned primarily by ﬂower size (style and stamen lengths and nectar cup diameter; 46.7% of the variation)
and PC2 deﬁned predominantly by the number of stamens per
ﬂower and the number of ﬂowers per inﬂorescence (25.7% of
the variation; table 4). Notably, the PCA results differed in the
placement of nectar cup diameter, which was coupled with stamen number per ﬂower for P-derived trees but with ﬂower length
for G-derived trees (tables 3, 4).

Variation in Traits across Elevations
and Maternal Tree Types
We observed signiﬁcant variation across elevations in PC1
and PC2 scores as well as in three individual traits, with an overall trend of increasing ﬂower length and decreasing ﬂower and
inﬂorescence width as elevation increased. The mean PC1 score
(~ﬂower length) increased with elevation (table 5), with the
Table 4
Summary Statistics of Floral Traits from 38 Metrosideros polymorpha
Individuals Derived from Glabrous Maternal Trees and
Loadings of These Traits onto the First Two Principal
Components (PCs) from a PC Analysis
Summary statistic
Floral trait

Mean Minimum Maximum

No. ﬂowers per
inﬂorescence
23.11
No. stamens per
ﬂower
34.36
Short stamen length
1.61
Style length
2.70
Nectar cup diameter
.46
Variance explained
(%)
...
Note.

Loading
PC1

PC2

8.67

46.67

2.046

.524

26.0
.86
1.71
.28

47.5
2.28
3.66
.62

.318
.535
.558
.547

2.605
.388
.328
.319

...

...

46.7

25.7

Units for all morphometric measures are centimeters.
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Table 5
Summary of Results from (1) a Two-Way ANOVA Examining the Effects of Elevation (Fixed Factor with Five Levels), Maternal Tree Type
(Fixed Factor with Two Levels), and Their Interaction on Floral Traits and (2) a One-Way ANOVA Examining the Effect of Variety
(Fixed Factor with Three Levels) on Floral Traits
Two-way ANOVA
Floral trait
PC1 (~ﬂower length)
PC2 (~ﬂower width)
Flowers per inﬂorescence
Stamens per ﬂower
Style length
Short stamen length
Long stamen length
SAS
Nectar cup diameter

Elevation
F3
F3
F3
F3
F3
F3
F3
F3
F3

p
p
p
p
p
p
p
p
p

4.36,
4.71,
7.09,
3.94,
5.79,
1.73,
2.13,
2.31,
1.52,

P
P
P
P
P
P
P
P
P

p .007**
p .005**
! .001***
p .01*
p .001**
p .17
p .08
p .06
p .22

Maternal tree type
F1
F1
F1
F1
F1
F1
F1
F1
F1

p
p
p
p
p
p
p
p
p

.29, P p .60
4.02, P p .049*
3.17, P p .08
4.18, P p .045*
.003, P p .96
.78, P p .38
1.35, P p .25
3.33, P p .07
.10, P p .76

One-way ANOVA
Elevation # maternal tree type
F3
F3
F3
F3
F3
F3
F3
F3
F3

p
p
p
p
p
p
p
p
p

1.31, P p .28
2.64, P p .06
.83, P p .48
1.53, P p .21
1.14, P p .34
.23, P p .88
.03, P p .99
2.91, P p .039*
3.07, P p .033*

Variety
F2
F2
F2
F2
F2
F2
F2
F2
F2

p
p
p
p
p
p
p
p
p

2.39, P p .10
12.71, P ! .001***
9.01, P ! .001***
10.32, P ! .001***
3.75, P p .03*
2.38, P p .10
2.27, P p .11
5.04, P p .009**
.03, P p .97

Note. For each source of variation, F values, degrees of freedom, and P values indicating statistical signiﬁcance are shown. PC p principal
component; SAS p stigma-anther separation.
* P ! 0.05.
** P ! 0.01.
*** P ! 0.001.

lowest- and highest-elevation populations being signiﬁcantly
different (Tukey’s HSD test: P p 0:01; ﬁg. 3A). Style length increased 22% across elevations, with a signiﬁcant difference between the lowest- and highest-elevation populations (P p 0:004)
and signiﬁcant or near-signiﬁcant differences (P p 0.04–0.07)
between the lowest-elevation population and three middleelevation populations (ﬁg. 3B). In contrast, the mean PC2 score
(~ﬂower width) decreased with elevation, with signiﬁcant differences between the two lowest and two highest populations
(P p 0:01 for each pairwise comparison involving 105 m; P p
0:004 for each pairwise comparison involving 700 m; ﬁg. 4A).
The mean number of ﬂowers per inﬂorescence also decreased
steadily (43.8%) with elevation, with signiﬁcant differences
between the lowest-elevation and the three highest-elevation
populations (P < 0:002), as well as between populations at
700 and 1980 m (P p 0:04; ﬁg. 4B). The mean number of
stamens per ﬂower increased slightly from 105 to 700 m but
then rapidly declined at the three highest elevations (ﬁg. 4C).
There was an overall decrease of 10.4% in the number of
stamens per ﬂower as elevation increased, with signiﬁcant differences between 700 m and the three highest-elevation populations (1280 m: P p 0:04; 1980 m: P p 0:01; 2470 m: P p
0:004; ﬁg. 4C).
Of the two PCs and seven traits examined, only two showed
signiﬁcant differences across maternal tree types, with an overall
trend of narrower ﬂowers in P-derived trees relative to G-derived
trees. The difference in the mean PC2 score between maternal
leaf types was marginally signiﬁcant (table 5), with P-derived
trees having a lower PC2 score than G-derived trees (not shown).
The number of stamens per ﬂower was also marginally different
between maternal tree types (table 5), with P-derived trees having
fewer stamens per ﬂower relative to G-derived trees (not shown).
Both SAS and nectar cup diameter showed a signiﬁcant
elevation–by–maternal tree type interaction effect, but neither
varied with elevation or maternal tree type alone (table 5). SAS
of P-derived trees generally increased with elevation, while that

of G-derived trees increased from 105 to 700 m but then decreased sharply (ﬁg. 5A). At 700 m, SAS of G-derived trees
was signiﬁcantly greater than that of P-derived trees at 105 m
(P p 0:03), and SAS of P-derived trees at 2470 m was signiﬁcantly greater than that of P-derived trees at 105 m (P p 0:04;
ﬁg. 5A). Nectar cup diameter appeared to be the smallest at
elevations where trees are less adapted to the local environment
(i.e., P-derived trees at 700 m and G-derived trees at both 105
and 2470 m; ﬁg. 5B). For example, at 700 m, nectar cup diameter was ~17% larger for G-derived trees (mean 5 1 SE: 0.49 5
0.02 cm) than for P-derived trees (0.42 5 0.01 cm; ﬁg. 5B). To

Fig. 3 Mean 5 1 SE for principal component 1 (PC1) score (A) and
style length (B). These two measures correspond to ﬂoral length in
Metrosideros polymorpha and increased with increasing elevation. This
pattern was consistent between pubescent- and glabrous-derived
common-garden trees on east Hawaii Island (maternal tree types are
pooled within elevation). Elevations that share superscripts are not different at a p 0:05.
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decoupled from stamen lengths (short stamen: r p 20:11; long
stamen: r p 0). In contrast, there was no correlation between
the number of stamens per ﬂower and any of the following: style
length, short stamen length, or long stamen length. Last, the
number of ﬂowers per inﬂorescence was not correlated with any
measure from individual ﬂowers.

Variation in Trait Correlations across Elevations
and Maternal Tree Types

Fig. 4 Mean 5 1 SE for principal component 2 (PC2) score
(A), number of ﬂowers per inﬂorescence (B), and number of stamens
per ﬂower (C). These three measures correspond to ﬂoral width in
Metrosideros polymorpha and decreased with increasing elevation.
This pattern was consistent between pubescent- and glabrous-derived
common-garden trees on east Hawaii Island (maternal tree types are
pooled within elevation). Elevations that share superscripts are not different at a p 0:05.

The only global correlations that held true for each individual
elevation were those between short and long stamen lengths (r p
0.84–0.93) and style and stamen lengths, for which strong positive correlations were present at all elevations (long stamen: r >
0:84; short stamen: r > 0:77), except for at 105 m (long stamen:
r p 0:69; short stamen: r p 0:53); otherwise, the correlation
patterns varied across elevations (tables A3–A7). For example,
the positive correlation between nectar cup diameter and the
number of stamens per ﬂower decreased steadily from a peak
at 700 m (r p 0:72) to 0 (r p 20:08) at 2470 m. The three
lowest-elevation populations showed similar patterns of pairwise correlations among ﬂoral traits and were largely consistent
with the global pattern, with the largest number of stronger

test for a relationship between nectar cup diameter and local adaptation, we conducted a post hoc two-way ANOVA to examine the effects of maternal tree type and mean annual precipitation (MAP) and the interaction between the two on nectar cup
diameter. While maternal tree type (F1 p 0:03, P p 0:87) and
MAP (F4 p 1:20, P p 0:32) did not have a signiﬁcant effect
on nectar cup diameter, there was a signiﬁcant interaction effect
between these two factors (F3 p 3:08, P p 0:03; ﬁg. 6).
The qualitative assessment of ﬂower color in 93 trees resulted
in four color categories: yellow, pink, light red, and dark red.
Yellow-ﬂowered individuals were present only at the lowest elevation (11% of the ﬂowering population at 105 m), while a
single pink-ﬂowered individual was present at each of the two
lowest elevations (6% and 5% of the ﬂowering population at
105 and 700 m, respectively; ﬁg. 7). Trees with light-red ﬂowers
were observed at the three lowest elevations in approximately
equal proportions (32%–36%; ﬁg. 7). The percentage of trees
with dark-red ﬂowers increased with elevation, from 50% at
105 m to 100% at the two highest elevations (ﬁg. 7). The majority of both P- and G-derived trees had dark-red ﬂowers (79%
and 61%, respectively), followed by light red (15% and 36%)
and pink or yellow ﬂowers (0%–4%; ﬁg. 7).

Global Correlations among Floral Traits
With the 93 trees pooled, the following eight pairwise correlations were signiﬁcant, as the corresponding P values were
less than their corrected alpha values (0:002420:019; table A2).
Nectar cup diameter was positively correlated with the number
of stamens per ﬂower (r p 0:42), style length (r p 0:46), and
short and long stamen lengths (r p 0.43 and 0.44, respectively),
which in turn were strongly positively correlated (r p 0:87).
Style length showed a strong positive correlation with long stamen length (r p 0:85) and short stamen length (r p 0:78). Last,
SAS was positively correlated with style length (r p 0:49) but

Fig. 5 Mean 5 1 SE of stigma-anther separation (SAS; A) and
nectar cup diameter (B), two ﬂoral traits in Metrosideros polymorpha
that showed a signiﬁcant interaction between maternal (mat.) tree type
and elevation (elev). Trees grown in a common-garden setting were derived from pubescent (P; triangles) or glabrous (G; circles) maternal trees.
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Fig. 6 Contrasting relationship between mean annual precipitation (MAP) and nectar cup diameter for pubescent-derived (P) and
glabrous-derived (G) trees of Metrosideros polymorpha in a common
garden at four elevations (maternal [mat.] tree type–by–MAP interaction: F3 p 3:08, P p 0:03).

polymorpha var. incana or high-elevation M. polymorpha var.
polymorpha but were on average slightly more similar to the latter. Thus, analyses of ﬂoral trait variation among varieties were
done with these trees pooled with M. polymorpha var. polymorpha. This approach should yield a conservative estimate of
between-variety differences relative to the alternative of omitting
pubescent trees from 1280 m from the analyses (i.e., treating
them as hybrids).
The PCA of common-garden trees with the 17 apparent hybrids removed revealed two signiﬁcant components with loadings very similar to those of the PCA with all 93 trees (table A11).
One-way ANOVAs revealed signiﬁcant variation among the
three common varieties of M. polymorpha on the island of Hawaii in the mean PC2 score as well as four individual traits (table 5). Tukey’s pairwise comparisons revealed that the mean
PC2 score (P < 0:002, not shown), number of ﬂowers per inﬂorescence (P < 0:004; ﬁg. 9A), and number of stamens per ﬂower
(P < 0:009; ﬁg. 9B) were all signiﬁcantly lower in M. polymorpha
var. polymorpha relative to M. polymorpha var. glaberrima and
M. polymorpha var. incana. In contrast, the mean style length of
M. polymorpha var. polymorpha was signiﬁcantly greater than
that of M. polymorpha var. incana (P p 0:03; ﬁg. 9C), with the

pairwise correlations (r > 0:6) observed among ﬂoral traits at
700 m. The two highest-elevation populations showed similar
(though not identical) patterns of pairwise correlations among
traits; nectar cup diameter was positively correlated with ﬂower
length (style length) only at 2470 m (r p 0:70). The change in
ﬂoral allometry across elevations is apparent in the correlation
between PC1 (~ﬂower length) and PC2 (~ﬂower width), which
was positive at the two lowest elevations (105 and 700 m: r p
0:39) and negative at the two highest elevations (1890 and
2470 m: r p 20:26; ﬁg. 8).
Last, correlations among ﬂoral traits differed slightly between
P- and G-derived trees (elevations pooled; tables A8, A9). For
both P- and G-derived trees examined separately, style length
was strongly positively correlated with both stamen lengths
(long stamen: r p 0:85; short stamen: r p 0:79), which were
strongly correlated with each other (r > 0:84). In contrast, style
length and the number of stamens per ﬂower were negatively
correlated in P-derived trees (r p 20:34) but not in G-derived
trees (r p 0:12). Last, P- and G-derived trees at 700 m showed
strikingly different relationships between inﬂorescence size and
style length, which was strongly positively correlated for Pderived trees (r p 0:91) but not for G-derived trees (ﬁg. A2).

Floral Trait Differences among Varieties
Before examining the partitioning of ﬂoral trait variation
among varieties in the common garden, we ﬁrst attempted to
use the ﬂoral variation across elevations to classify the P-derived
trees at 1280 m to a variety. In analyses of P-derived trees, SAS,
inﬂorescence size, stamen number per ﬂower, and style length
varied across elevations, with signiﬁcant differences consistently
observed between the lowest-elevation and one or both of the
highest-elevation populations (table A10; ﬁgs. A3, 5A). The degree of similarity between the two highest-elevation populations
varied across traits. P-derived trees at the 1280-m elevation
failed to group clearly with either low-elevation Metrosideros

Fig. 7 Percentage of ﬂowering Metrosideros polymorpha individuals from the common garden that were qualitatively assessed as having yellow, pink, light-red, or dark-red ﬂowers by elevation (A) and
maternal tree type (B).
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High-Elevation Flowers Are Longer, Fewer,
and Uniformly Dark Red
Compared with trees from low and middle elevations, trees
from the two highest elevations had longer and consistently
deep-red ﬂowers in smaller inﬂorescences. The change in ﬂoral
shape resulted from variation in three of the six characters
across the ﬁve elevations. From low to high elevations, inﬂorescence size decreased by 44%, style length increased by 22%, and
stamen number decreased by 10%. The global relationship observed between nectar cup diameter and stamen number also
disappeared at the two highest elevations, and the diversity of
ﬂower colors decreased with elevation from four at 105 m to
one (dark red) at 1980 and 2470 m. The breakdown in positive

Fig. 8 Positive correlations among ﬂoral traits were strongest at
low elevations (elev.) and disappeared with increasing elevation, shown
here in a scatterplot of principal component 1 (PC1) and principal component 2 (PC2) scores for common-garden trees of Metrosideros polymorpha derived from ﬁve elevations.

style length of M. polymorpha var. glaberrima intermediate between the two. Last, SAS was signiﬁcantly lower for M. polymorpha var. incana relative to the other two varieties (P < 0:02;
ﬁg. 9D), and this difference was due to the shorter styles of
M. polymorpha var. incana. Long stamen length (ﬁg. 9E) and
nectar cup diameter (ﬁg. 9F) did not differ among varieties (table 5). Not shown are the PC1 score and short stamen length
(which showed the same nonsigniﬁcant pattern across varieties
as long stamen length) and the PC2 score (which showed the
same signiﬁcant pattern across varieties as the number of ﬂowers
per inﬂorescence and the number of stamens per ﬂower; table 5).
The discriminant analysis of the three varieties (with apparent
hybrids excluded and P-derived trees at 1280 m pooled with
high-elevation M. polymorpha var. polymorpha) assigned 52
of 76 trees (68.4%) to the correct variety (table 6). Despite being the smallest group (n p 10), M. polymorpha var. incana
had the highest percentage of correctly assigned trees (80%),
followed by M. polymorpha var. polymorpha (72.7%), with
M. polymorpha var. glaberrima having the least distinct ﬂoral
morphology (60% of trees correctly assigned). As a result, ﬂoral
morphology differed most strongly between M. polymorpha var.
incana and M. polymorpha var. polymorpha (table 6; ﬁg. 2B).

Discussion
We found signiﬁcant variation in the ﬂoral morphology of
Metrosideros polymorpha in a common garden, suggesting that
the variation in ﬂoral traits reported in earlier ﬁeld studies of this
species is heritable. Floral traits varied across elevations and less
so between maternal tree types, and this variation corresponded
largely to differences among the three common varieties of M.
polymorpha on the island of Hawaii. Varieties of M. polymorpha
are distinguished through heritable vegetative traits (Corn and
Hiesey 1973; Stemmermann 1983; Kitayama et al. 1997; Cordell
et al. 1998; Stacy et al. 2016), and our results revealed signiﬁcant
differences, though less extreme, in ﬂoral phenotypes as well.

Fig. 9 Mean 5 1 SE for six measures of ﬂoral morphology that
vary across three common varieties of Metrosideros polymorpha on
east Hawaii Island, as follows: number of ﬂowers per inﬂorescence
(A), number of stamens per ﬂower (B), style length (C), stigma-anther
separation (SAS; D), long stamen length (E), and nectar cup diameter
(F). Varieties that share superscripts are not different at a p 0:05. Not
shown are the principal component 1 score (~ﬂower length) and short
stamen length, which did not vary signiﬁcantly among varieties, and the
principal component 2 score (~ﬂower width), which showed the same
(signiﬁcant) pattern among varieties as the number of ﬂowers per inﬂorescence and the number of stamens per ﬂower.

INTERNATIONAL JOURNAL OF PLANT SCIENCES

000

Table 6
Classiﬁcation Summary of 76 Metrosideros polymorpha Individuals
to Variety on the Basis of Six Floral Traits
Floral classiﬁcation
Vegetative classiﬁcation
G (n p 33)
I (n p 10)
P (n p 33)
Matched (%)

G

I

P

20
6
7
60.6

1
8
1
80.0

5
4
24
72.7

Note. Trees were grown in a common garden on Hawaii Island,
and all apparent hybrids (individuals with removable leaf pubescence)
were omitted from the analysis. The sample size for each variety is in parentheses. G p var. glaberrima; I p var. incana; P p var. polymorpha.

correlations among traits (change in allometry) and the narrowing of ﬂower color variation in high-elevation trees are consistent with Carpenter’s (1976) suggestion—based on observations in natural populations—that directional selection by birds
shapes ﬂoral morphology at high elevations.
In addition to the deep-red color, which should be attractive
to birds (Grant and Grant 1968; Cronk and Ojeda 2008; Bergamo et al. 2016), the long, narrow shape of high-elevation
Metrosideros ﬂowers should be better suited to larger pollinators (Maad et al. 2013) such as birds (Beardsley et al. 2003;
Aigner 2005). Although stamen angle was not directly measured
in this study, we noted that the fewer stamens of high-elevation
ﬂowers extend largely in parallel with the pedicel, resulting in a
tubelike ﬂoral shape. This shape contrasts with the “puffball”
shape of lower-elevation ﬂowers created by the splayed-open,
shorter, and more numerous stamens. Carpenter (1976) argued
that birds are likely more reliable as pollinators at high elevations, where conditions often limit the activity of poikilothermic
insects, and bird-pollinated species make up a greater proportion of the plant community at high elevations in other tropical
areas (Faegri and van der Pijl 1971) and in California (Grant
and Grant 1968). Carpenter (1976) also noted an increase in
nectar cup diameter with elevation in natural populations of
Metrosideros that was associated with a greater production of
watery nectar at high elevations. The absence of this observation
in common-garden trees (this study) suggests signiﬁcant plasticity in nectar cup diameter. Direct observations of ﬂoral traits,
composition of the pollinator community, and the ﬁtness consequences of visitation by different pollinators across elevations
are needed to conﬁrm pollinator-mediated divergence in ﬂoral
traits in M. polymorpha (Herrera et al. 2006). Last, greater resource limitation and lower pollinator density at high elevations
on the island of Hawaii may explain the smaller inﬂorescence
size of high-elevation trees, which is more adaptive than producing large numbers of smaller ﬂowers under such conditions (Maad
et al. 2013).

Three Common M. polymorpha Varieties
Differ in Floral Traits
Roughly two-thirds of the variation in ﬂoral traits observed
across the ﬁve elevations and between P- and G-derived trees
in the common garden can be attributed to variation among

the three varieties of M. polymorpha represented in the garden.
Trees with permanent leaf pubescence derived from 105 and
700 m correspond to early-successional M. polymorpha var.
incana, while those from 1980 and 2470 m correspond to M.
polymorpha var. polymorpha. Pubescent-leaved trees at 1280 m
(midelevation) remain unclassiﬁed but were conservatively grouped
with M. polymorpha var. polymorpha for analyses of varietylevel effects. Glabrous-leaved trees correspond to late-successional
M. polymorpha var. glaberrima, with the possible exception of
those at 2470 m, which were classiﬁed as M. polymorpha
var. nuda by Skottsberg (1944). Divergence of ﬂoral traits among
the three common varieties on the island of Hawaii is modest
overall compared with differences in vegetative traits, which
are used to distinguish varieties (Dawson and Stemmermann
1990). Discriminant analysis based on ﬂoral traits assigned just
68.4% of trees correctly to variety. The two pubescent-leaved varieties had the most distinct ﬂoral traits. Flowers of low-elevation
M. polymorpha var. incana were characterized by lower SAS,
while those of high-elevation M. polymorpha var. polymorpha
had greater style length, fewer stamens per ﬂower, and fewer
ﬂowers per inﬂorescence (described above). Floral traits of Pderived trees at 1280 m (midelevation) were typically intermediate
between those of low- and high-elevation trees but slightly closer
to the latter. Thus, there was no sharp demarcation in ﬂoral morphology between pubescent M. polymorpha var. incana and M.
polymorpha var. polymorpha at middle elevations. This ﬁnding
could be due to a relatively steady increase in bird pollination
with elevation on the island of Hawaii. In addition, the continuous variation in ﬂoral traits with elevation may be due to hybridization between M. polymorpha var. incana and M. polymorpha
var. polymorpha at middle elevations, with hybridization between these varieties and late-successional glabrous M. polymorpha var. glaberrima also possible. All three varieties are highly
interfertile (Rhoades 2012; Stacy et al. 2017), and hybrid zones
occur where their ranges overlap (Stacy et al. 2016). The ﬂowers
of M. polymorpha var. glaberrima were the least distinct, with
only 60% of individuals correctly classiﬁed to a taxon in the discriminant analysis. The ﬂoral morphology of this variety overlapped more strongly with that of M. polymorpha var. incana
than that of M. polymorpha var. polymorpha. The broad variation in ﬂoral morphology in M. polymorpha var. glaberrima
may be consistent with the broader elevation range and more
generalist nature of this taxon across the islands relative to other
Metrosideros taxa (Stacy et al. 2014, 2016; Stacy and Sakishima
2019). Variation in pollinator abundance, morphology, feeding
preference, and behavior across elevations can result in signiﬁcant variation in ﬂoral size, color, and shape because of conﬂicting selective pressures (Gómez et al. 2009; Nattero et al.
2011). Additionally, abiotic factors such as precipitation and
temperature that vary across a taxon’s range may result in clinal
variation in ﬂower size, color, and shape (Schemske and Bierzychudek 2007; Zhao and Wang 2015). The observed variation in
pollinator communities and precipitation across M. polymorpha
var. glaberrima’s elevational range is consistent with the idea that
conﬂicting selection could facilitate the maintenance of and even
enhance ﬂoral variation across broad geographic areas (Siepielski and Benkman 2010; Soteras et al. 2020). Thus, the high variability seen in ﬂowers of this taxon may reﬂect a compromise
between varying biotic pressures from pollinators and abiotic
constraints due to limited resources.
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Low SAS May Promote Reproductive Assurance in
Early-Successional M. polymorpha var. incana
Flowers of the early-successional taxon M. polymorpha var.
incana had signiﬁcantly shorter styles relative to those of the
other varieties, resulting in signiﬁcantly lower SAS; stamen
lengths did not differ among varieties. As SAS (herkogamy) in
self-compatible, hermaphroditic ﬂowers is considered a mechanism to prevent self-pollination (Webb and Lloyd 1986) and trees
tend to be predominantly outcrossed because of substantial genetic
loads (Petit and Hampe 2006), the near lack of SAS in M. polymorpha var. incana is surprising. Low SAS may be an adaptation to the low population densities characteristic of this taxon
on fresh lava ﬂows relative to those of M. polymorpha var.
glaberrima on mature substrates. If pollinators are less abundant
or less reliable in low-density plant populations (Wilcock and
Neiland 2002), ﬂoral characters that facilitate self-pollination
may be favored as a form of reproductive assurance (Baker 1955;
Barrett 2003). Although animal pollinators are required for pollination in M. polymorpha (Carpenter 1976), the proximity of the
stigma and anthers in var. incana may promote self-pollination
by small insect visitors moving across the surface of the puffball
ﬂowers to harvest pollen. In fact, self-fertility is low for both M.
polymorpha var. incana and M. polymorpha var. glaberrima on
the island of Hawaii and is consistent with inbreeding depression; self-pollinated ﬂowers of both varieties set 17% fewer mature fruits that yielded 61% fewer seeds than open-pollinated
ﬂowers, and selfed seedlings of M. polymorpha var. incana were
18% shorter than outcrossed seedlings (Stacy et al. 2017). Thus,
self-pollination of trees on new lava ﬂows might be a best-of-bad
strategy that allows for low-level reproduction rather than nothing. Notably, M. polymorpha var. polymorpha colonizes new
lava ﬂows at high elevations and at ~2470 m occurs at a very
low population density, even on older substrates (Kitayama et al.
1997). Studies of other woody tree species elsewhere have shown
that birds have the capacity for long-distance movements between plants that persist in low-density fragmented populations
(Byrne et al. 2007; Mimura et al. 2009; Breed et al. 2015). The
unique ﬂoral characters of M. polymorpha var. polymorpha
(dark-red, long, narrow ﬂowers with high SAS) are consistent
with pollination predominantly by birds, whose movements may
maintain higher levels of outcrossing than those seen in lowdensity populations of M. polymorpha var. incana.
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tree types were consistently most apparent at two elevations: 700
and 2470 m. At 700 m, ﬂowers of G-derived trees had greater nectar cup diameter and SAS as well as a higher number of stamens
relative to P-derived trees. Also at 700 m, inﬂorescence and ﬂower
size were strongly correlated only for P-derived trees, such that
P-derived trees with more robust inﬂorescences also had more
robust ﬂowers. In contrast, SAS and nectar cup diameter dropped
sharply for G-derived trees at 2470 m. Notably, these two
elevations are the wettest and driest elevations represented in
the garden. Rainfall on east Hawaii Island varies nonlinearly
with elevation, with annual precipitation peaking at 6000 mm
at 600–700 m in elevation and decreasing with elevation to approximately 1500 mm at 2500 m (Giambelluca et al. 1986). Observation of large and small ﬂowers of late-successional wet forest M. polymorpha var. glaberrima (including var. nuda) trees at
the wettest and driest elevations, coupled with the contrasting
pattern for early-successional dry-adapted M. polymorpha var. incana and var. polymorpha trees, may suggest a cross-generational
environmental effect (i.e., maternal effect) on ﬂower development
in Metrosideros. Trees of M. polymorpha var. glaberrima/nuda
make up a very minor component of the M. polymorpha community at 2470 m (Kitayama et al. 1997), consistent with the poor
adaptation of glabrous forms at the high-elevation edge of Metrosideros’s distribution. It is not known whether vegetative traits
of the common-garden trees show analogous patterns at these
two elevations, as the earlier analysis of the morphology and
anatomy of vegetative traits in the garden (Cordell et al. 1998)
did not include maternal tree–type effects. However, a parentoffspring analysis of vegetative traits in an ephemeral incanaglaberrima hybrid zone revealed maternal effects on leaf characters ranging from 0.075 to 0.285 (Stacy et al. 2016). Although
a majority of maternal (parental) effects appear at early life stages
in plants (especially seed germination; Roach and Wulff 1987),
signiﬁcant maternal effects on reproductive characters have been
observed, for example, in the probability and timing of inﬂorescence production in Lolium perenne (Hayward 1967) as well as in
the inﬂorescence size of Campanula thyrsoides (Scheepens and
Stöcklin 2013). Future studies of Metrosideros could contrast the
ﬂower production and fertility of P- and G-derived trees at 700
and 2470 m in the common garden to determine whether these
purported maternal effects have a measurable impact on ﬁtness.

Negative Maternal Effects in the Common Garden
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